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CITOGENETICA GENERALE 



(Neri-Genuardi cap»4) 



Un po' di storia 



1956: IDENTIFICAZIONE DEL NUMERO CORRETTO DI CROMOSOMI 

NELL'UOMO T|io JH And T f^m A (1956). Tilt dìmmtHome nunihcr of irun. Hfredttas, 42, W. 
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Avvolgimento cromatina 
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^ET RESULT: EACH DNA MOIECULE f AS BEEN 
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Cromosoma = ordine più alto di 
organizzazione cromatina 
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PREPARAZIONE CARIOTIPO STANDARD 

(Citogenetica convenzionale) 



-Ce sonnatiche nucleate (es. leucociti sangue periferico, fibroblasti) 
-Mitogeno (PHA fitoemoagglutinina) 
-Colchicina (blocco in metafase) 
-Soluzione ipotonica 
-Fissazione 

-Colorazione (bandeggio) 




Tabella 4.1 Caratteristiche e specificità dei tipi di regioni cromosomiche identificate dalle tecniche di bandeggio 



Q/G-positive R-positive C-positive NOR-positive 



Localizzazione 


Braccia corte e lunghe 


Braccia corte e lunghe 


Regioni 

periceniromericne 
e braccio lungo 
del cromosoma Y 


"Satelliti" (braccia corte) 
oei cromosomi 
acrocentrici 


Induttori chimici 


Quinacrina/tripsina 


5-bromodesossiuridina + 
denaturazione fotolitica 
e termica 


Idrato di bario 


Nitrato di argento 


Contenuto in geni 


Basso 


Alto (geni in singola copia) 


Nessuno 


Geni ripetuti in 
tandem per le subunità 
5S e 28S dell'RNA 
ribosomiale 


Replicazione del DNA 


Tardiva 


Precoce 


Tardiva 




Attività trascrizionaie 


Bassa 


Elevata 


Assente 


Alta 



Neri G, Genuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 




c, 

Sintesi di RNA 
e proteine 



S 

Sintesi 
del DNA 

e duplicazione 
dei cromosomi 




G2 
Sintesi 

di proteine 






Figura 4.14 Rappresentazione schematica del ciclo cellulare. Il ciclo 
cellulare è un'ordinata serie di eventi che determinano la crescita 
della cellula e la sua divisione in due cellule figlie. Le cellule che non 
si dividono entrano in una fase di quiescenza (Co), finché non rien- 
trano nel ciclo cellulare, le cui fast sono G, (sintesi di RNA e protei- 
ne), S (sintesi del DNA), C2 (preparazione alla mitosi) e M (mitosi). 
La mitosi si divide a sua volta in quattro fasi. 
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CARIOTIPO STANDARD UMANO 

(G-banding pattern) 
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Ffgura 4.3 Cromosomi umani in bandeggìo G, alla risoluzione di 550 
bande. 



ALTA RISOLUZIONE CROMOSOMICA (CROMOSOMI "ALLUNGATI") 
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Figura 4.7 A sinistra, idiogram- 
ma di bandeggio G di un cro- 
nnosoma 1 normale a tre diver- 
si livelli di risoluzione (350, 550 
e 850 bande per corredo aploi- 
de). A destra, cronnosonna 1 in 
bandeggio G a differente risolu- 
zione (a). Numerazione di ban- 
de, sottobande e sotto-sottoban- 
de (b). (Modificata da Wolsten- 
holme J. Humon Cytogenetics: a 
practìcal approach, voi. 1 , 2^ ed. 
IRL Press, Oxford, 1992.) 



Neri G, Genuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 



Morfologia dei cromosomi (dimensioni e posizione centromero) 



Metacentric 



Submetacentric 



Acrocentrìc 



Short 
arm p 



Long 

arm q 







Stalk 




ere 




18 



21 
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Jorde et al: Medicai GeneticSr 4tti Edition. 

Copynght © 2010 by Mosby, an imprirìt of Else\der, ine. ATf rlgJits rese*ved, 



Metacentric, submetacentric, and acrocentric chromosomes. Note the stalks and satellites present on the short arms of the acrocentric 

chromosomes. 



NB Cromosomi acrocentrici 
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CITOGENETICA UMANA - NOMENCLATURA STANDARD 

(alcuni esempi) 



46,XX 46,XY 



Normalità 



47,XY,+21 



Maschio con trisomia 21 



46,XX/47,XX,+21 
(45)XY,t(14:21) 



Femmina con mosaicismo 



Maschio con traslocazione robertsoniana 
(NB: t oppure rob oppure der) 



46,XX,t(4;5)(p13;q22) 



Femmina con traslocazione reciproca 



46,XY,inv(2)(p21q23) 



Maschio con inversione pericentrica cr.2 



46,XX,inv (7) (q11.23q22.1) Femmina con inversione paracentrica cr.7 



TABLE 6-1 



Standard Nomenclature for Chromosome Karyotypes 



Karyotype 


Descriptìon 


46,XY 


ai 1 II 1 * 1 1 * 

Normal male chromosome constitution 


47,XX,+21 


Remale with trisomy 21, Down syndrome 


47,XY,+21[10]/46,XY[10] 


Male who is a mosaic of trisomy 21 cells and normal cells (10 cells scored for each karyotype) 


46,XY,del(4)(p14) 


Male with distai and terminal deletion of the short arm of chromosome 4 from band pi 4 to terminus 


46,XX,dup(5)(p14p15.3) 


Remale with a duplication within the short arm of chromosome 5 from bands p14 to p15.3 


45,XY,aer(13;14)(q10;q10) 


A male with a balanced Robertsonian translocation of chromosomes 13 and 14. Karyotype shows that one normal 13 and one 
normal 14 are missing and replaced with a derivative chromosome composed of the long arms of chromosomes 13 and 14 


46,XY,t(11;22)(q23;q22) 


A male with a balanced reciprocai translocation between chromosomes 11 and 22. The breakpoints are at 11q23 and 22q22 


46,XX,inv(3)(p21q13) 


An inversion on chromosome 3 that extends from p21 to q13; because it includes the centromere, this is a pericentric inversion 


46,X,r(X)(p22.3q28) 


A temale with one normal X chromosome and one ring X chromosome formed by breakage at bands p22.3 and q28 with 
subsequent fusion 


46,X,i(Xq) 


A female with one normal X chromosome and an isochromosome of the long arm of the X chromosome 



Jorde et al., 2010 



EVOLUZIONE DELLA CITOGENETICA 
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La Citogenetica Classica (convenzionale) permette di 

identificare riarrangiamenti cromosomici di B y 

non meno di 5 Mb U ^ 



V 



La Citogenetica Molecolare permette di identificare 

riarrangiamenti fino a poche Kb 




CITOGENETICA MOLECOLARE 

Livello di risoluzione< 4-5 Mb 



F.I.S.H. 

(Fluorescent In Situ Hybridization) 

Risoluzione: 40Kb-4Mb 



Array -CGH 

(array-based Comparative Genomic Hybridization) 

Risoluzione: 3,5-1 00Kb/1Mb 



Sonda 




Biotina 



Ibrido 
molecolare 




(legata al dUTP) 



Marcatura con 
dUTP-biotina 



Avidina 
fluorescinata 



Incubazione con 
avidina-FITC 




Osservazione a 
microscopio 



Sonda 
b ioti nata 




Denaturazione 
della sonda 




Cromosoma 
con il DNA 
denaturato 



t 

Vetrino portaoggetto 





Figura 4.8 Illustrazione esemplificativa delle varie fasi della tecnica FISH. Alcuni passaggi possono essere modificati. 



FISH 



Anni 90, nasce la citogenetica molecolare 

Marcatura fluorescente (sonde centromeriche 

locus-specifiche, painting) 

Elevata risoluzione rispetto a citogen.tradizionale 

Rapidità 

Nuclei in interfase 
Marcature multiple 

Elaborazione computerizzata immagini 



IBRIDAZIONE FLUORESCENTE "IN SITU" 

SU NUCLEI IN INTERFASE 




Cromosomi 21 



Nella foto sono visibili tre macchie rosse corrispondenti a tre 
cromosomi 21 (s.Down), 

2 macchie blu (cr.l8), 2 macchie verdi (cr.l3), 1 macchia 
rosa=X, 1 macchia gialla=Y) 



Fluorescent In 




Situ Hybridization 





A = painting 

B = sonde centromeriche nucleo interfasico 
C = sonda telomerica cr.2 (del 2q) 
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Multicolor FISH 
(Painting) 
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Jortìe et al: Medicai Gene^ECSr 4tn Editfan. 

Gopynght © 2010 by Mosby, an impnnl ùf Elsevter, Ine. Ali rlghts re&aved. 

Spectral karyotype. The power of spectral karyotyping is demonstrated by the identification of a rearrangement between chromosomes 2 
and 22. Note that a portion of chromosome 2 (purple) has exchanged places with a portion of chromosome 22 (yellov^. (Courtesf/ of Dr. Art 

Brothrr^an, University of Utah Health Sciertces Certter.) 




Figura 4.9 Esempio di applicazione della tecnica FISH con sonda 
centromerica specifica per il cromosonna 8, di cui sono evidenziate 
due copie. Anche nei nuclei sono presenti due segnali fluorescenti, 
uno per cromosonna omologo. 



Neri G, Genuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 



Figura 4.10 Esempio di applicazione della tecnica FISH con sonda 
painting. Una sonda specifica per il cromosonna 1 ha evidenziato una 
traslocazione t(l ;12). 



Neri G, Genuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 



FISH interfasica in diagnosi prenatale 

46, XY Trisomy 18 Trisomy 21 




© Elsevier. Nussbauin et ah Thompson ajìd Tfeiompson's Genetlcs Irì MajictEie 7e - www.stiidentconsultcom 

Multicolor fluorescence in situ hybridization analysis of interphase amniotic fluid cells. Left panel, 46,XY cells (chromosome 16, aqua;X 
chromosome, green; Y chromosome, red). Middle panel, 47, XX, +16 celi (chromosome 16, aqi^a; X chromosome, green). Righi panel 
trisomy 21 cells (chromosome 13, green; chromosome 21 , red). (Courtesy of Stuart Schwartz, University of Chicago.) 




p.&.b. 

Diagnosi 
Genetica 
Preimpianto 








ìifirs I I . .]]\viA ■ . 'b'voslo l'i. [.vii cut 

U; : I Prìncipi^ of prcimplcintaiion genetic diag^o^iis./•'%^;llK;kH:(?!l((:r ceL^ 
lic ri (Mcli -yrilryn h" ìh viiso :ì:\ i;;(.oI'Oi:, <^r wlrr:f a^^qt esile (p-eMic test • ichI 
rv.n. li|)icHitHM:'*tK»^"rih'ynstlr?l rncMi ;.U:;l.t: i ir- . -ifK' Driiioi: rfK: 





f .;j' PGD of X-linkcddisordcrsusing nSH. . • 

• I; ih : l> r I I ;f f f/. • : \'M 1 |::r« : tn;h\ iìr 
l 'I r rrf M- ■ I I :nN>T ' .rOr» X !c|t''». 

i fi • nrl ■ 1 a .vfKJ: «'Ih I* 't'T- N '-.fr.rn • ri' i 

•• • ! I. I . I ri H. hVc fjl» I-' .lj -iK 



Figura 4.11 Esempio di applicazione della tecnica FISH con sonda 
/ocL/s-specifica. In questo caso nel cromosonna 4 normale è presen- 
te sia la sonda di repere, che serve a identificare il cromosoma 4 nel- 
la metafase, centromerica, sia la sonda subtelomerica specifica per 
la sindrome di Wolf-Hirschhorn; il cromosoma deleto ha invece so- 
lo la sonda centromerica. La delezione osservata è diagnostica per 
la sindrome di Wolf-Hirschhorn. 



Neri G, Genuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 



S-Wolf - Hirschhorn 




SINDROME DA 
MONOSOMIA4p 

(Sindrome di Wolf, 
monosomìa 




Gtave deficit di accrescm^tjnlci, ritardai 

ULile, micrtxre Falla, ìpertelorismo, 
nQ»o grosso e pUdmìntintiCr padìgLicinì. 
atiriqj^jAii grandi c ptwzo dxf fcrijnitiati. 
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Figura 13,20 Fenotipo (a) e FISH (b) nella sindrome di Williams- 
Beuren. Si noti l'assenza delia regione critica (in rosso) su uno dei 
cromosomi 7, riconosciuti dalla sonda verde. 




SINDROME DI WILLIAMS 



Neri C, Cenuardi M. Genetica umana e medica. Elsevier Masson, Milano, 2007 (Elfin faCG SJ/TldrOIlìe) 

Cardiopatia, guance prominenti, 
labbra grosse e anteverse. 



La s.Williams è causata da una microdelezione cromosomica 




Jortìe et al: Medit:^. Gene^scs, 4tti Editian. 



Oopynght © 2010 by Mosby, an impnnt of Elsevier, Ine. Ali rlglits r-estìrved. 

A, Girl with Williams syndrome, illustrating typical facial features: broad forehead, short palpebrai fissures, low nasal 
bridge, anteverted nostrils, long philtrum, full cheeks, and relatively large mouth with full lips. B, Angiogram 
illustrating supravalvular aortic stenosis (narrowing ofthe ascending aorta) (arrow). {Co}jrtes\/ Dr. Mark Keating, 

Harvard UniverQity.) 



FISH ANALYSIS OF CHROMOSOME 7 - WILLIAMS SYNDROME 
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CGH, Comparative Genomic Hybridization 
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Green 
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FIC. 6-5 The cgTTparaJj^e genomic hybridization (CCH) 
technique. Green- la bel ed test DNA (from a tumor sample in 
this case) and red-labeied reference DNA (from normal cells) 
are both hybridized to normal metaphase chromosomes. 
The ratio of green to red signal on the hybridized metaphase 
chromosomes indicates the location of dupllcations (excess 
green) and deletionsXexcess red) in the tumor chromosomes, 



FIGURE 3.6 Cnmp^ji ^9 gfinomic [n YhriHÌ7;^tinn nf 

neuroblastoma tumor demonstrating amplification of 
chromosome 2p23. The middle black line indicates the 
1:1 ratio zone of equal mixing of tumor and normal 
DNA. if the tumor DNA has more of some chromosomal 
regions than the normal DNA, the distribution line shifts 
to the right. If the tumor DNA is missìng some of the 
chromosomal regions present in normal DNA, the dis- 
tribution line shifts to the left. The ratio is displayed in 
relation to the ISCN ideogram of a metaphase chromo- 
some 2. 



"Medicai Genetics for the modem clinicia) 
J.A.Westman 

Lippincott Williams & Wilkins, 2006 



CGH convenzionale e microarray 



Screening dell'intero genoma 
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Identificazione di una microdelezione nel cromosoma 11 (del(1 1)(q13.2-q13.4) mediante aCGH 
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CMA = Chromosomal MicroArray 
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Figure 1. ExampEes of Genomk Imbalances Detected by a CMA buL Mot by G-Banded Karyotyping 

(A) A 10.9 Mb dtilt^tìoiir indiKling mdi^ Ihan 60 gmes. The deletìon inckitles the Wflhams-BtuTen syndrome region at chmmosome 
[egion 7t|n biit eMtend.^ bevond the typkal brta kfH^intfi for this liyTidrome. The amjiv puìntìng to the deleted chnjnioHime that 
was obsei^^ed by ittn>spettH'e aiialj'ìiii of G-baiì 

(B) A 7^ Mb dii[:9lìotj{}n on tìie long arm of chiornosome 11. Ag^^ the ariow i^t plinti ng to the diromosome that hai the duplication 
ihown by the darfc^r G*pciSitì^ baiai 
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Figure 1 : Pallister-Killian syndrome. 

Postmortem examination demonstrates 
a flatfacial appearance with 
dysmorphic low-set ears. (Courtesy of 
Fabrice Cuiìiier, 2003, thefetus.net) 
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R = 0.5 caso:controllo 1 :2 (es monosomia) 



1 I I r 
0.5 1.0 1.5 2,0 

Mean ratio 



0.5 



delezione in 7q22 

(fenotipo complesso) 



\ r 
1.0 1.5 2.0 



Mean ratio 



ORIGINAI ARTICLE 



Microarray based comparative genomlc hybridisation 
(array-CGH) detects submicroscoplc chromosomal deletions 
and duplications In patients with learning disability/menta 
retardation and dysmorphic features 

C Shaw-Smilh*, R Redon*, L Rickman*, M Rio, L Willalt, H Ffegfer, H Firfh, D Sanloville, R Wlnter^ 
L Colleoux. M Bobrow, N P Carter 
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J Afcc( Gtìjjsf 2004^1:24 1-24^ lp_l ] 3ó/ima-20O3:01 ^3 1 

The unJerlying ciiu&eiof leorningdisobiliìy dnd dysHnorplnicfeofures in mony poHents remoin uniclenriRed 
despitE extensiVie in vesti gatìon. Routìne karyotype anolysii is not sensitive enough to deted subtie 
chrorTiQSDme rearrQnfpments [less riion 5 Mb ). The presenoe ot subite DNA -copy number chonges was 
in vesti goted by arrayCGH in 50 patients witfi Jearni ng disd^ilfty and dysmorphism^ empbying a DNA 
microan'ay consfructed fresm Iqrqe insert cJones spocEd ot qj^roximately 1 Mb infervals aerosa tfie 
genome. Twelve oopy number obnormalities vv^ere identfRed in 12 pattents [24% oF the fatai): seven 
deletions [slx. appare ntìy de novo and one inherited Fram a pFienotypicolly normal parent) and Bve 
dupficatians (one de ne™ arid fcur inlTented Frum phenotypically normal parents). Altered se^mefifs 
nanqed rn scie from those inveivi nq a si naie clone tts reqions as lan^e as 1 4 Mb. No recurrent ddetion or 
duplicotion was idenKfied wnthin this cohort oF patients. On ttie basis oF these results^ we antid'pate that 
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Guìdelìnes for molecular karyotyping In 
constìtutlonal genetìc dìagnosis 
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AiTiiy-bj^d whok gcrtomE nvcsligstion or moiEcular kuryotypiig cnabks ihti 9^ nu mc] -w i d€ dGLELtiQn of 
iubmicrosccjplc imbniancci. P^□o^-D^f3^i^iciplG E^tperinìGnlLs bave dcrmnsLntGd Lbiit mol Emular 
karyuLypirìi:j QLELpcrf urrns convcinLbnijl kuryotypìnq wich rociard Lo dol^ction cbrornoLomal imbLiiuntcs^ 
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in prEnatal diaqnD^is, rriDrE rE^Earcb appropnaLc. Aho, tbs arti ci e alnu Ld prr?vidE bcsl pracLÌEE 
guìdEliriES tor LbE ^pjplication -birray LumparaLìvE gEnomÌL by bridi^LiiKi Lo on^LirE boLb tEcbniical and 
ciinical quallty EritEria Lbat will opUnfisE and standardisE rEsuits and rEpnrEjiTi dla^nnstlE lEiboraLorÌES. Fn 
ìborl, boLb È.bE b peci F lei Ly and tbE ■^nsitivity LbE arrays ^bould bE EvaluatEd in EVEry iaburaCory D^fErinci 
tbE diagno^Lic LEbL. I ntErnal and ExtErnaJ quiilìLy cojitrul pri:>griifnmE:^ aro LtrjcnLly ni.^EdjLd Lu^v^aliiaLE and 
sLandardis-E llJtE tesi r-EsulLs bieb.wEBn iaboflftdrj-BS. 
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Consensus Statement: Chromosomal Microarray 
Is a First-Tier Clinical Diagnostic Test for Individuais 
with Developmental Disabilities or Congenital Anomalies 

David T. Miller,^ * Margaret R Adam,^-^ Swaroop Aradìiya,^ Lesile G. Biesecker,^ Arthur E. Brotliman,^ 

Nigel P. Carter," Deajim M. Church,^ Johii A. Crolla,-* Evaii E. Eidiler,i*ì Charles J. Epsteui, 

W Andrew Faucett,^ Lars FeokJ- jaii M. Friedjnaii,^^ Ada Hamosh,^"* Laird Jackson, 

Erin Kaminsky^ Klaas Kak.i^ lan D. Krantz,^^ Roliert M. Kuhn.^^ Charles Lee,^^ James M. Ostell,^ 

Carla Rosenberg,^ Stephen W. Scherer,^^ Nancy B. Spinner,^^ Dimitri J. Stavropoulos,^ 

James R Teppe rl:ierg/^* Erik C Tììorland,^^ Joris R. Vermeesch,-^ Dar rei J. Waggoner,^ 

Michael S. Watson, Ch rista Lese Martin,^ and David H. Ledbetter^-* 

Chiom<minml mkTCjairay fCMA) H ìncrea^ingJy utìbzed for genetìc ttfsting qf in^±i\^duaJiì^1th unexplained dtfvelopmental delay/intel- 
l-ectLuJ dliability (DD/ID), autìfim iipectmni diMjrders^ (.VSD), or multiple cangenital aiKimalìes (MCA), [^erforming CMA and G-banded 
ItajyOtyping ori evtary patièiit iubi^tantiaDy increii&eii the total cost of genetic tesati ng. The hrternationaJ Standard CytOgencmìc Array 
(ISCA) Corisortium heki tvi'o intemational Workshops and conducted a lìterature re^ie^* of 33 itudies, ìnchiding 21 . pattenti test ed 
tiy CMA. We più vide an evidaiiie-baied iUjnriLar]^' of iJjnìcaJ tiilogi^netit testi ng comparine CMA to G-banded karyotyping with respett 
to technìcaJ advantages and Umitatioit^^ diagnostic \ield for v^rioEis tvpes of chiomoiìomal aberratìDns^ and issxies thataffectteit inter- 
pretatiort. CMA L^ff tfni a much hì^iitfr diagnostic yiekl nS%-'20^j)' forgenetic testing of indi vidualii with unexplained DD/lDf ASD, or 
MCAthan a G-banded karyùty^ (.^3%^ excluding Down syndinmeand otha"recognizable chiomosomal s^ndromesK primarily becair^e 
of iti hjgher sensitivity for submiooscopic defctions and daphotiuns. TruJy balanced rearrangements and low-lei'el mosaJcism are 
^neTa]i)«^not detectable by array^^ biit thesearerektively infieqiientcaiisesof abnormaJ phenotype^ inthìs popuJation (< 1%). AvaiJable 
eiidence strongly SBpptirts the use of CM A in [ìlace^jf G-banded karyiìtyping as thef[r;t4iercTrtc^genetic diagnostic test for patients with 
DD/JDj ASD^orMCA G-banded karyotypeanalyas should be reserv'ed for patients with obT/iou.schroni{}somal s^Tidromes (e.g.^ DovhTI 
syndrcimeK a famìly h i story <jt chrom<jsomal leanan^ernent. <}ra histoiy ot multiple mistarria^^es.. 



